Previous data showing that several chloroquine analogues containing an intramolecular hydrogen-bonding motif were potent against multidrug-resistant P. falciparum led to the exploration of the importance of this motif. A series of 116 compounds containing four different alkyl linkers and various aromatic substitutions with hydrogen bond accepting capability was synthesized. The series showed broad potency against the drug-resistant W2 strain of P. falciparum. In particular, a novel series containing variations of the R-aminocresol motif gave eight compounds with IC 50 values more potent than 5 nM against the W2 strain. Such simple modifications, significantly altering the pK a and sterics of the basic side chain in chloroquine analogues, may prove to be part of a strategy for overcoming the problem of worldwide resistance to affordable antimalarial drugs.
Introduction
Despite over 100 years of drug development efforts, malaria remains one of the most devastating infectious diseases in the world. 1, 2 The current epidemic is fueled by the development of drug-resistant strains of P. falciparum, the parasite responsible for the most deadly cases of malaria. 1 Research over the past 2 decades has shown that despite worldwide resistance to chloroquine (CQ) 3 and emerging resistance to mefloquine, 4 there is still significant potential to discover new quinoline antimalarials with activity against even the most drug-resistant strains of P. falciparum. 5, 6 Prior work in our laboratory systematically examined modifications to the quinoline ring and to the basic side chain of 4-aminoquinolines. 7, 8 While the structure-activity relationships showed reasonable tolerance for both types of modifications, the side chain modifications produced compounds with the greatest increase in potency toward drug-resistant parasite strains. This phenomenon has been reported by other workers. 5, 9 Our studies revealed that a previously unappreciated structural motif, the presence of a single aromatic ring containing a hydrogen-bond acceptor attached to the basic nitrogen, gave the most potent compounds. Interestingly, we noted a similar motif in a class of antimalarial compounds called R-aminocresols, first reported in the mid 1940s 10, 11 (Figure 1 ). Burckhalter et al. discovered that 4-tert-butyl-2-dimethylaminomethylphenol (1) was effective against trophozoite-induced avian malaria and made a library of over 100 analogues using the Mannich reaction. 10, 12 Since only in vivo screening was available at the time, it is difficult to compare the reported activities with those of modern in vitro screening methods. While bioavailability and metabolic stability strongly bias measurements of activity in any in vivo assay, qualitative comparisons among similar compounds are reasonable for interpreting a structure-activity relationship (SAR). The early work on R-aminocresols showed the importance of having the hydroxy group ortho to the R-amino group (p-R-aminocresols showed no activity) and the benefit of an additional hydrophobic substituent on the ring. Optimization of these compounds led to the more potent bis-R-aminocresols such as 2 10 (Figure 1 ). Burckhalter later attached this motif to the 7-chloroquinoline ring found in chloroquine to create the drug amodiaquine (3), which was far more potent than any of the original R-aminocresols. 12 Since the development of amodiaquine, little further work has been reported on the R-aminocresols, apart from modifications to amodiaquine.
The success of chloroquine diverted attention away from amodiaquine until the emergence of drug resistance was reported by Moore and Lanier in 1961. [13] [14] [15] The U.S. Army then renewed its antimalarial screening program and rediscovered amodiaquine along with the quinolinemethanol class of drugs. The quinolinemethanols are derived from quinine and were optimized into the drug mefloquine (4) . 16 The common structural feature shared by both these compounds is a basic nitrogen within hydrogenbonding proximity to a hydroxyl group. Since at physiological pH the basic nitrogen will be protonated, it is possible that the intramolecular hydrogen bonding between the protonated amine (H-bond donor) and the hydroxyl (H-bond acceptor) may be an important feature for activity against chloroquine-resistant P. falciparum ( Figure 2) .
We hypothesized that exploiting this motif might provide a general approach to the discovery of novel and potent compounds and therefore synthesized a larger set of compounds containing an intramolecular hydrogen-bonding motif in the basic side chain of the 4-aminoquinoline nucleus. These compounds were synthesized as a parallel library of purified discrete compounds that were then subjected to screening, followed by more detailed studies for active compounds.
Chemistry
We elected to fix the scaffold as a 7-chloroquinoline ring because it remains the most generally potent ring system choice and other modifications do little to increase potency against the drug-resistant strains. We designed our compounds to have four different alkyl groups linking the basic nitrogen center to the quinoline ring. It has been shown that the length of this linker region is important for potency against CQ-resistant P. falci-parum, with side chains less than four methylene units or greater than six methylene units having the greatest potency. 5, 6 Out of the four alkyl linkers, we chose two that are linear chains of three and four methylene groups and two that are cyclic, containing either a pyrrolidinyl or piperidinyl group. For each of these four linkers, a key secondary amine intermediate was synthesized in bulk and then the terminal nitrogen was reductively alkylated by a set of aldehydes (Scheme 1).
The synthesis of the secondary amine intermediates for the compounds with the propyl and butyl linkers was done similarly. First, the 4,7-dichloroquinoline ring was reacted with either 1,3-diaminopropane or 1,4-diaminobutane by refluxing in the neat amine. The doubly arylated diamine side products were easily removed by an acidic wash step. The primary amine products were then reacted with propionic anhydride to rapidly form the amide, which conveniently precipitated out of solution. The Examples of intramolecular hydrogen bonding in antimalarials active against drug-resistant P. falciparum. Amodiaquine, mefloquine, and halofantrine are approved drugs used to treat drug-resistant malaria, and quinolines 7 and 8 were recently reported to have potent activity against drug-resistant P. falciparum. 8 Scheme 1. Synthesis of Side Chain Modified 4-Aminoquinolines amide was reduced using borane-dimethylsulfide in THF to give the key secondary amine intermediate. The two intermediates with the cyclic side chains were synthesized in a single step through direct coupling of 4,7-dichloroquinoline with the necessary diamine. Both of these cyclic diamines have two reactive amine groups, but in each case the main product in the direct reaction of the diamine with the 4,7-dichloroquinoline was the desired product, which could be purified from the side product by flash chromatography.
The diversity-enhancing step of our library synthesis was the reaction of each of the four secondary amine intermediates with a set of aldehydes containing an aromatic ring with a hydrogen bond accepting functional group (Figure 3 ). The reductive amination was done in situ using sodium cyanoborohydride and excess aldehyde to drive the reaction to completion and to reduce the amount of unreacted secondary amine byproduct. Each of the final products was then easily worked up using a two-step scavenge and solid-phase extraction (SPE) procedure. First, an equivalent of resin-bound thionyl chloride was added to each well to scavenge unreacted amine starting material. This step was important because separation of the desired products and starting material proved to be difficult. Each compound was then purified using a capture and release SPE strategy using a strong-cation exchange (SCX) resin. The crude reaction mixtures were first acidified with HCl in methanol to completely protonate the amine products and to break up any boron complexes formed during the reduction step. This mixture was then added to a short column of SCX-SPE resin and washed with methanol to remove any nonprotonated materials. Elution of the final products was done using a solution of 5% triethylamine in methanol. In greater than 90% of the reactions, this procedure alone led to products with >80% purity. The products with less than 80% purity were individually purified using preparative HPLC. The reactions in which the aldehyde starting materials contained a basic functional group could not be purified by the SCX-SPE method, and thus, all compounds of this set were purified by preparative HPLC.
Results and Discussion
Of the 124 compounds targeted in our library synthesis, we successfully synthesized 116 compounds (93%). The compounds were on average 89% pure following our SCX-SPE procedure. All compounds with purity less than 80% were purified by preparative HPLC, raising the average purity to 93% for the final set of compounds screened. The primary impurity found in the compounds was triethylamine hydrochloride resulting from the incomplete evaporation of the triethylamine used in the purification processes. Each compound was initially synthesized on a 0.2 mmol scale. For compounds not requiring HPLC purification, the average yield for the final reaction and SPE purification procedure was 78%. The products requiring purification by HPLC had much lower overall yields, bringing the average yield for the final 112 compounds down to 55%. Since our initial screening library was synthesized on a relatively small scale, each compound was accurately quantitated using a chemiluminescent nitrogen detector (CLND). Equimolar stock solutions of each compound in DMSO were prepared using the data from the CLND analysis, ensuring accurate measurement of our final compound concentrations tested.
All of the compounds were initially assayed for growth inhibition in a cell-based assay against two strains of P. falciparum at two fixed concentrations (30 and 200 nM) to give a survey of all the activities (Figure 4 ). The 3D7 strain is a representative CQ-sensitive strain, while the W2 strain is a multidrug-resistant parasite strain. Most of compounds within this series are active at 30 nM. This indicates that the aminocresol motif, when attached to the distal basic center of quinolines, does lead to potent compounds against both the 3D7 and W2 strains. A comparison of the different linkers between the distal basic center and the aromatic nucleus reveals that the compounds with the propylalkyl and butylalkyl linkers are more generally potent than those with either of the two cyclic linkers. It was hoped that rigidity from the cyclic groups linking the basic center to the heterocyclic nucleus would introduce a conformational constraint leading to a more potent and/or selective compound. Conformational restraints are known to influence the thermodynamics of ligand/receptor interactions and have been statistically shown to have improved bioavailability over more flexible compounds. 17 It is a possibility that the compounds with the conformationally restricted linkers are no longer able to access the optimal conformation for binding to a particular receptor. 18, 19 A broader evaluation of conformationally restricted linkers in aminoquinolines is necessary to further understand the uniform loss of potency in the series of compounds with cyclic linkers between the basic center and aromatic core. Interestingly, only one compound with a structurally rigid linker (17k) showed growth inhibition against the drugresistant W2 strain at the 30 nM dose. When the compounds were screened at 200 nM, several of the compounds with cyclic linkers began to show activity.
Earlier work on modifications to the side chain of CQ analogues had shown that a compound with the propyl diaminoalkane side chain was 10 times more potent than that with the butyl diaminoalkane side chain against a CQ-resistant parasite strain. 6 Surprisingly, in our study more compounds with the butyl linker were active at 30 nM than those with the propyl linker. The butyl linker has four methylene groups separating the basic center from the aromatic core, similar to CQ, so we expected this set of compounds with greater structural similarity to CQ to be less active against the drug-resistant P. falciparum strain.
Full dose response curves were done for compounds showing the greatest potency against the multidrug-resistant W2 strain. The data for compounds containing the aminocresol motif are shown in Table 1 . Several compounds, with both the propyl and butyl linkers, produced low nanomolar IC 50 values against both parasite strains. A few of the compounds such as 12v and 15aa had significantly weaker activities against the W2 strain, but all of the other compounds showed activity against W2 within 4-fold of that for 3D7. Interestingly, it appears that electronic factors of the aromatic ring have minimal effect, with both electron-donating and the electron-withdrawing groups giving similar activities. However, both compounds with nitro substitutions (12ad and 12ae) and the difluoro-substituted compound (12ac) had IC 50 values at least an order of magnitude higher. This indicates that stronger electron-withdrawing groups on the ring begin to decrease activity. Several of the compounds with heterocycle aromatic substitutions at the distal basic center, analogous in H-bonding capacity to the aminocresol motif, were selected, and their IC 50 values are shown in Table 2 . The inhibitory activities of these compounds were slightly weaker than those of the benzyl substituted compounds but still in the targeted potency range (<50 nM). The methyl and chloro groups on the 5-position of the furan ring had little effect on the activity of the compounds. Within this series, the compounds with fourcarbon diaminoalkyl side chains actually showed slightly higher potency than the three-carbon linker equivalents.
The parent drug compound CQ is thought to work by interfering with the ability of parasites to polymerize toxic free heme into a nontoxic heme polymer called hemozoin. [20] [21] [22] The mechanism of resistance to CQ is now known to be primarily due to the PfCRT protein, which alters the accumulation of drug within the parasite food vacuole, where heme polymerization takes place. 23, 24 The PfCRT protein shows homology to known drug/metabolite transporters and can confer CQ resistance with a K76T mutation. 25, 26 It has been hypothesized that the wildtype K76 residue in PfCRT is positively charged at physiological pH and the electrostatic repulsion with CQ may disfavor the transport of CQ out of the food vacuole, causing the toxic effects that lead to parasite death. 27, 28 The K76T mutation eliminates this positive charge, and CQ is then transported out of the food vacuole, where it can no longer exert its activity. This mechanistic understanding further demonstrates the importance of the positively charged basic side chain of CQ analogues in determining the level of activity against CQ-resistant parasite strains. In vitro selection of CQ-resistant P. falciparum mutants resistant against halofantrine 6, which contains an intramolecular hydrogen bond to its basic center, selects for a PfCRT mutant S163R that has renewed sensitivity to CQ despite having the K76T mutation. 27, 28 The S163R mutation reinstates a positive charge into the PfCRT protein, providing further evidence that an electrostatic binding interaction between the drug and the transporter is a key determinant in the rate of drug efflux. The basic side chain is known to be essential for accumulation in the food vacuole, so modifications must conserve the basic center but change the overall electrostatic surface. This new insight into the mechanism of resistance to CQ and other hemebinding antimalarials shows that cross-resistance among the current battery of heme-binding antimalarials is complex and resistance to one drug can renew sensitivity to another. Also, there must be a structure-activity relationship for binding to PfCRT that is dependent on steric and electrostatic properties of the basic side chains of the heme-binding antimalarials. The addition of substitutions to the basic nitrogen could renew activity against the drug-resistant strains by altering the binding affinity to the PfCRT binding site. The addition of an aromatic group on the basic nitrogen introduces substantial steric bulk to the basic side chain, significantly changing the surface area of the ligand. The addition of a hydrogen-bond acceptor in proximity to the protonated basic nitrogen center raises the pK a of the nitrogen, significantly changing the electrostatic character of the basic side chain at physiological pH. This hypothesis is consistent with our data showing that electron-donating substitutions on the ring tend to increase activity, since electron-donating groups should further increase the pK a of the basic center. This would also be consistent with the sharp decrease in activity for the compounds with the strong electron-withdrawing substitutions. Given that our primary screen is a cell-based assay, it is difficult to correlate small shifts in pK a with observed activity, but the general trends fit the hypothesis that changing the pK a of the basic center is important for activity.
Conclusions
It remains unknown what the possible mode of action was for the original R-aminocresols because more attention was focused on the quinoline hybrids such as amodiaquine. It is possible that the R-aminocresols have a mode of action different from that of chloroquine, and 4-aminoquinoline-R-aminocresol hybrid compounds such as amodiaquine exert their activity through interaction with multiple targets. This possibility would partially explain their continued activity against strains of P. falciparum that have grown resistant to chloroquine. It is also possible that the steric and electrostatic changes to the side chain of the CQ analogues simply reduce binding to the PfCRT efflux protein that infers CQ resistance. Additional experiments to address this hypothesis are warranted by the strong activity of this class of quinolines.
Experimental Methods
General. All reagents and starting materials were purchased from commercial sources and used without further purification. Dichloromethane, tetrahydrofuran, and methanol were dried using the solvent purification system manufactured by Glass Contour Inc. (Laguna Beach, CA). 1 H and 13 C NMR were recorded on the Varian Utility 400 MHz spectrometer, in CDCl 3 , CD 3 OD, or DMSO-d 6 solvent. Chemical shifts were reported as parts per million (ppm) downfield from an internal tetramethylsilane (TMS) standard (δ ) 0.0 for 1 H NMR) or from solvent reference. Coupling constants (J values) were measured in hertz (Hz). Electrospray mass spectra (ES-MS) were collected on a Waters ZQ 4000 mass spectrometer. Nitrogen composition was measured using the Antek 6000 online chemiluminescent nitrogen detector (CLND). Crude products were purified by flash chromatography using 230-400 mesh silica gel (SiliCycle). All parallel synthesis steps were carried out in polypropylene fritted Bohdan 48-well MiniBlocks. Purity was assessed using two orthogonal HPLC methods. HPLC method A involved using an Xterra reversed-phase C18 column (4.6 mm × 20 mm, 3 µm) running a binary gradient with water (with 0.05% TFA) and methanol (with 0.05% TFA). Purity was measured at 220 nM on a 10 min gradient running from 0% to 100% methanol/ TFA at 1 mL/min on a Waters Alliance HPLC. HPLC method B involved using an Xterra reversed-phase phenyl column (4.6 mm × 20 mm, 3 µm) running a binary gradient with water (with 0.05% TFA) and methanol (with 0.05% TFA). Purity was measured at 220 nM on a 10 min gradient running from 0% to 100% methanol/ TFA at 0.5 mL/min on a Waters Alliance HPLC.
N-(7-Chloroquinolin-4-yl)-N′-propylpropane-1,3-diamine (11).
To a stirring solution of 10 (prepared as described by De et al. 9 ) (10 g, 42 mmol) in chloroform (200 mL) and pyridine (3.83 mL, 47 mmol), propionic anhydride (6.0 mL, 47 mmol) was added dropwise by a syringe at 0°C under an inert atmosphere. The mixture was allowed to warm to room temperature, and then stirring was continued for 1 h. Excess anhydride was then quenched by addition of several drops of water. The crude reaction mixture was then dried under vacuum, redissolved in ethyl acetate (300 mL), and washed with brine (5 × 200 mL). Solvent was removed under vacuum, and the resulting residue was placed on a high vacuum for 18 h to remove the trace amounts of pyridine remaining. The remaining 11.14 g (90%) of fluffy white solid amide was then immediately dissolved in dry THF for the reduction. The flask was cooled to 0°C and borane-methyl sulfide (15.4 mL, 4 equiv) was added slowly while stirring under an inert atmosphere. The mixture was then heated to reflux for 1 h before cooling to room temperature and careful quenching with water. After the addition of water no longer evolved bubbles, 25 mL of 37% HCl was carefully added to the reaction and the mixture was heated to reflux for 1 h to break up any boron complexes formed with the product. After this mixture was cooled, the pH was adjusted to basic with solid K 3 -PO 4 (pH > 10) and extracted into chloroform (200 mL). 
N-(7-Chloroquinolin-4-yl)-N′-propylbutane-1,4-diamine (14).
To a stirring solution of 13 (prepared as described by De et al. 9 ) (10 g, 40 mmol) in chloroform (200 mL) and pyridine (3.83 mL, 47 mmol), propionic anhydride (6.0 mL, 47 mmol) was added dropwise by a syringe at 0°C under an inert atmosphere. The mixture was allowed to warm to room temperature, and then stirring was continued for 1 h. Excess anhydride was then quenched by addition of several drops of water. The crude reaction mixture was then dried under vacuum, redissolved in ethyl acetate (300 mL), and washed with brine (5 × 200 mL). Solvent was removed under vacuum, and the resulting residue was placed on a high vacuum for 18 h to remove the trace amounts of pyridine remaining. An amount of 11.26 g (92%) of the amide was then immediately dissolved in dry THF for the reduction. The flask was cooled to 0°C
, and borane-methyl sulfide (15.4 mL, 4 equiv) was added slowly while stirring under an inert atmosphere. The mixture was then heated to reflux for 1 h before cooling to room temperature and careful quenching with water. After the addition of water no longer evolved bubbles, 25 mL of 37% HCl was carefully added to the reaction and the resulting mixture was heated to reflux for 1 h to break up any boron complexes formed with the product. After this mixture was cooled, the pH was adjusted to basic with solid K 3 PO 4 (pH > 10) and extracted into chloroform (200 mL). The organic solvent was removed under vacuum and the crude product was purified using silica gel with CH 2 Cl 2 /MeOH/Et 3 N (8.9:1:0.1) as an eluent to give 14 (76.2 g, 58%) as an off-white solid: 100% pure by HPLC method A; 93% pure by HPLC method B. LCMS (ESI) m/z calcd for C 16 General Procedure for Reductive Alkylation Diversity Step. A stock solution (36 mM) of the appropriate secondary amine intermediate (11, 14, 17, or 19) was made in dry MeOH and aliquoted to the wells of a 48-well reaction block (2 mL/well, 0.07 mmol/well). To each well was then added an aldehyde (Figure 3 ) (0.22 mmol, 4 equiv) with care taken to reduce exposure to moisture in the air. The reaction block was sealed with a rubber gasket, and 220 µL (0.22 mmol) of a dry solution of NaBH 3 CN in THF (1 M) was added by syringe to each well through the gasket. The block was shaken at room temperature for 18 h. Each reaction was then quenched with 0.4 mL of a saturated solution of HCl in MeOH. CAUTION: EXPLOSION HAZARD. After bubbling had ceased, 100 mg of polymer-bound sulfonyl chloride (Aldrich, 100-200 mesh, 1.5 mmol/g) was added to each well, and the resulting mixture was shaken for 4 h. The solution remaining in each well was transferred into another 48-position reaction block containing cartridges loaded with SCX-SPE medium. Each well was washed with 1% TFA in MeOH (2 × 1 mL) and MeOH (2 × 2 mL) and eluted with 5% TEA in MeOH (2 × 2 mL). The eluted products were collected into glass test tubes, and solvent was removed on a GeneVac HT-4 (10 mbar, 4.0 h, 35°C). The partially purified products were then dissolved in saturated HCl/MeOH (1 mL) and dried again to form the HCl salts of each compound. The dry HCl salts were then each dissolved in 1 mL of DMSO-d 6 and subjected to LC, MS, and CLND for analysis of purity, identity, and yield. A 10 mM stock solution of each compound was made in DMSOd 6 based on the CLND quantitation data, and selected compounds were analyzed by 1 H NMR.
General Procedure for Purification of Library Members. Compounds with purity of <80% by analytical HPLC were dissolved in a total of 1 mL of DMSO and purified with a semipreparative reversed-phase Xterra column (19 mm × 50 mm, particle size 5 µm) running a 10-100% gradient of 0.5% TEA-H 2 O/methanol with a 20 mL/min flow rate on a Parallex Flex HPLC system. Fraction collection was automatically triggered by UV absorbance above 0.1 AU at 254 nm. Sample and fraction data were then transferred to the Waters OpenLynx operating software, which coordinated the injection, mass spectrometric analysis, and data processing for each fraction. A Gilson 215 liquid handler and a Gilson 208 injection module were used to inject samples into a Waters ZQ 4000 mass spectrometer rigged for flow injection with an electrospray probe and single quadrapole detector operating in positive ion mode. All fraction plates were then dried using a GeneVac Mega 980 solvent evaporator. Fractions that exhibited a peak in the mass spectra of the correct molecular weight were then dissolved in 1 mL of freshly prepared saturated HCl in methanol, and like fractions were combined. Combined fractions were then dissolved in 0.5 mL of DMSO-d 6 and were analyzed by LC, MS, and CLND for purity, identity, and yield. The 10 mM stock solutions in DMSO-d 6 were prepared on the basis of the CLND quantitation data.
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